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1. Modelling aTiO2 in natural systems 

Source data for titanium activities (aTiO2) at different magmatic temperatures from Ghiorso 

and Gualda (2013) are available in Supplementary data 2. In the following, we briefly describe 

how we derive the equation for fitting aTiO2 as a function of temperature for the examples 

shown in Fig. 1 in the main text. 

Based on the solubility model of Borisov and Aranovich (2020), the activity of TiO2 in a melt 

relative to rutile saturation can be expressed with: 

𝑎𝑇𝑖𝑂2
𝑙𝑖𝑞−𝑟𝑢𝑡𝑖𝑙𝑒  =  

𝑎𝑇𝑖𝑂2 𝑚𝑒𝑙𝑡

𝑎𝑇𝑖𝑂2 𝑚𝑒𝑙𝑡 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑
       (Eqn S1) 

Whereby aTiO2
liq-rutile = 1 when the melt is rutile-saturated. Based on the solubility model of 

Borisov and Aranovich (2020), aTiO2 can be expressed with: 

𝑎𝑇𝑖𝑂2
𝑙𝑖𝑞−𝑟𝑢𝑡𝑖𝑙𝑒  =  𝛾𝑇𝑖𝑂2

𝑙𝑖𝑞−𝑟𝑢𝑡𝑖𝑙𝑒 ∙ 𝑋𝑇𝑖𝑂2       (Eqn S2) 

Here, XTiO2 is the mole fraction of TiO2 in the melt and 𝛾𝑇𝑖𝑂2
𝑙𝑖𝑞−𝑟𝑢𝑡𝑖𝑙𝑒

 is the TiO2 activity 

coefficient. Based on the rutile solubility model of Borisov and Aranovich (2020, their Eqn. 8), 

𝛾𝑇𝑖𝑂2
𝑙𝑖𝑞−𝑟𝑢𝑡𝑖𝑙𝑒

 can be expressed as 

- log 𝛾𝑇𝑖𝑂2
𝑙𝑖𝑞−𝑟𝑢𝑡𝑖𝑙𝑒

 = (2228 XSiO2
2 – 8419 XSiO2 · XAl2O3 – 5028 XSiO2 · XFeOt – 6151 XSiO2 · 

XNa2O + 24821 XAl2O3 · XK2O + 77332 XFeOt · XNa2O – 15552 XMgO · XCaO + 29030 XCaO · XNa2O 

– 1207)/(T+273.15) – 0.0112 P + 0.66      (Eqn S3) 

Where Xoxide are the respective oxide mole fractions of in a melt, T is temperature in °C and P 

is pressure in kbar. At a pressure of 2 kbar, representative of a shallow silicic magmatic system, 

we can shorten this equation to  

- log 𝛾𝑇𝑖𝑂2
𝑙𝑖𝑞−𝑟𝑢𝑡𝑖𝑙𝑒

 = A/(T+273.15) + 0.638      (Eqn S4) 

where A summarizes all terms contained in the first bracket in Eqn. S3 and exclusively depends 

on the composition of the melt. 



Assuming that the composition remains roughly constant and only the Ti content varies in the 

melt (as likely appropriate for these high-silica rhyolites close to a minimum composition), 

mole fractions of all other elements will vary as a function of XTiO2 due to the continuous 

relative dilution of other oxides with increasing TiO2 contents, thus controlling parameter A. 

For an average Yellowstone rhyolite composition, we can parameterize the relationship 

between the Ti content in the melt (in ppm, normalized anhydrous) and parameter A, finding 

that 

A = 5.798·10-3 · Timelt - 3361       (Eqn S5) 

 

 

Simultaneously, XTiO2 can also be expressed through the Ti content in the melt (in ppm, 

normalized anhydrous) with 

XTiO2 = 1.360·10-6 · 𝑇𝑖𝑚𝑒𝑙𝑡 – 6.416·10-6      (Eqn S6) 

Substituting Eqns. S4, S5, and S6 into Eqn. S3, we can express the Ti activity in a melt of 

constant major element composition relative to rutile saturation with  

aTiO2
liq-rutile = 10^-(5.798·10-3 · 𝑇𝑖𝑚𝑒𝑙𝑡 - 3361)/(T+273.15)  + 0.638) · (1.360·10-6 · 𝑇𝑖𝑚𝑒𝑙𝑡 – 

6.416·10-6)          (Eqn S7) 

To calculate a typical evolution of Ti activities with temperature, we consider as a first 

approximation that the Ti content in the melt varies linearly as a function of temperature T (in 

°C) 

y = 5.804E-03x - 3.361E+03
R² = 1.000E+00
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𝑇𝑖𝑚𝑒𝑙𝑡(𝑇) =
∂Ti

∂T
T + B        (Eqn S8) 

where B is the intercept at T= 0 °C. For a given system, parameter B can be expressed as a 

function of the melt Ti content at a given magmatic temperature (Ta), for example immediately 

prior to eruption so that B can be constrained from the estimated pre-eruptive temperature of a 

system and the melt Ti contents as measured in volcanic glass 

𝐵 = 𝑇𝑖𝑚𝑒𝑙𝑡(𝑇𝑎) −
∂Ti

∂T
𝑇𝑎        (Eqn S9) 

 

By substituting S8 and S9 into Eqn. S7, we obtain an expression for the Ti activity in a system 

undergoing a linear change in melt Ti contents with temperature: 

aTiO2
liq-rutile = 10^-(5.798·10-3 · 

∂Ti

∂T
T + 𝑇𝑖𝑚𝑒𝑙𝑡(𝑇𝑎) −

∂Ti

∂T
𝑇𝑎  - 3361)/(T+273.15) + 0.638) · 

(1.360·10-6 · 
∂Ti

∂T
T + 𝑇𝑖𝑚𝑒𝑙𝑡(𝑇𝑎) −

∂Ti

∂T
𝑇𝑎 – 6.416·10-6)    (Eqn S10) 

As a last step, we account for a variable rate of Ti removal or increase in the melt as the amount 

of crystallization of Ti-rich phases is likely to vary with temperature and Ti content in the melt. 

We can approximate this behaviour by letting ∂Ti/∂T vary linearly with T: 

𝜕𝑇𝑖

𝜕𝑇
(𝑇)  =  

𝜕2𝑇𝑖

𝜕𝑇2 ⋅ 𝑇 +  (
𝜕𝑇𝑖

𝜕𝑇
)

𝑇=0
       (Eqn S11) 

 

Substituting Eqn S11 into S10 results in the final equation that we use for the fitting procedure: 

aTiO2
liq-rutile = 10^-(5.798·10-3 · (

𝜕2𝑇𝑖

𝜕𝑇2 ⋅ 𝑇 +  (
𝜕𝑇𝑖

𝜕𝑇
)

𝑇=0
) T + 𝑇𝑖𝑚𝑒𝑙𝑡(𝑇𝑎) − (

𝜕2𝑇𝑖

𝜕𝑇2 ⋅ 𝑇 +

 (
𝜕𝑇𝑖

𝜕𝑇
)

𝑇=0
) 𝑇𝑎  - 3361)/(T+273.15) + 0.638) · (1.360·10-6 · (

𝜕2𝑇𝑖

𝜕𝑇2
⋅ 𝑇 +  (

𝜕𝑇𝑖

𝜕𝑇
)

𝑇=0
) T +

𝑇𝑖𝑚𝑒𝑙𝑡(𝑇𝑎) − (
𝜕2𝑇𝑖

𝜕𝑇2 ⋅ 𝑇 +  (
𝜕𝑇𝑖

𝜕𝑇
)

𝑇=0
) 𝑇𝑎 – 6.416·10-6)    (Eqn S12) 

 

We use this equation to fit aTiO2
liq-rutile values at different magmatic temperatures from the 

dataset in Ghiorso and Gualda (2013) for Bishop Tuff, Fish Canyon Tuff, Yellowstone and 

Shiveluch volcanic centers. During the fitting procedure, the parameters Ta, 𝑇𝑖𝑚𝑒𝑙𝑡(𝑇𝑎), 

(
𝜕𝑇𝑖

𝜕𝑇
)

𝑇=0
, and 

𝜕2𝑇𝑖

𝜕𝑇2
 were not bounded, and best-fit values were calculated by the curving fitting 



tool in Matlab. Below, we report all coefficients and information on the goodness of fit for the 

four examples (Table S1) and chosen compositions for each example (Table S2). Starting 

estimates for best-fits of Ta were chosen corresponding to the highest temperature at which 

oxides precipitate.  

For the curves displayed in Fig. 1 in the main text, we assume that no TiO2 removal occurred 

prior to Fe-Ti oxide precipitation and begin the calculation of aTiO2
liq-rutile through Eqn. S8 at 

the highest recorded Fe-Ti temperature estimate (except for Shiveluch, as noted before). At 

higher temperatures prior to Fe-Ti oxide saturation, aTiO2
liq-rutile follows the solubility curves 

shown in grey in Fig. 1 in the main text. 

 

 

Table S1: Best-fit parameters for modelling aTiO2 in natural systems 

Bishop Tuff Fish Canyon Tuff 

General model: 

f(x) = (10^-((6.043E-03*((B*x+C)*x+A-

(B*x+C)*T)-3458)/ (x+273.15)+0.638)) 

*(1.356E-6 * ((B*x+C)*x+A-(B*x+C)*T)-

6.9496E-6) 

 

Coefficients (with 95% confidence bounds): 

A =  𝑻𝒊𝑶𝟐
𝒎𝒆𝒍𝒕(𝑻𝒂) = 1724  (-1.471e+08, 

1.471e+08) 

B = ∂2TiO2/∂T2 = 0.02261  (0.0214, 0.02382) 

C = ∂TiO2/∂T(T=0) = -6.822 (-2.71e+05, 

2.71e+05) 

T = Ta = 844.4  (-1.199e+07, 1.199e+07) 

 

Goodness of fit: 

  SSE: 0.04025 

  R-square: 0.9229 

  Adjusted R-square: 0.9204 

  RMSE: 0.0208 

 

General model: 

f(x) = (10^-((5.481E-03*((B*x+C)*x+A-

(B*x+C)*T)-3245)/(x+273.15)+0.638)) 

*(1.359E-6*((B*x+C)*x+A-(B*x+C)*T)-

6.398E-6) 

 

Coefficients (with 95% confidence bounds): 

A =  𝑇𝑖𝑂2
𝑚𝑒𝑙𝑡(𝑇𝑎) =  1704  (-8.048e+08, 

8.048e+08) 

B = ∂2TiO2/∂T2 = 0.006754  (-0.03081, 0.04432) 

C =  ∂TiO2/∂T(T=0) = 3.225  (-6.514e+05, 

6.514e+05) 

T = Ta = 758  (-9.644e+07, 9.644e+07) 

 

Goodness of fit: 

  SSE: 0.02205 

  R-square: 0.6239 

  Adjusted R-square: 0.5371 

  RMSE: 0.04119 



Yellowstone Shiveluch 

General model: 

f(x) = (10^-((5.798E-03*((B*x+C)*x+A-

(B*x+C)*T)-3361)/(x+273.15)+0.638)) 

*(1.36E-6*((B*x+C)*x+A-(B*x+C)*T)-

6.416E-6) 

 

Coefficients (with 95% confidence bounds): 

A =  𝑻𝒊𝑶𝟐
𝒎𝒆𝒍𝒕(𝑻𝒂) = 3083  (-1.041e+09, 

1.041e+09) 

B = ∂2TiO2/∂T2 = 0.03611  (0.02303, 0.04919) 

C = ∂TiO2/∂T(T=0) = -14.24  (-1.882e+06, 

1.882e+06) 

T = Ta = 947.3  (-5.211e+07, 5.211e+07) 

 

Goodness of fit: 

  SSE: 0.02108 

  R-square: 0.7543 

  Adjusted R-square: 0.7223 

  RMSE: 0.03028 

General model: 

f(x) = (10^-((6.019E-03*((B*x+C)*x+A-

(B*x+C)*T)-3463)/(x+273.15)+0.638)) 

*(1.348E-6*((B*x+C)*x+A-(B*x+C)*T)-

6.953E-6) 

 

Coefficients (with 95% confidence bounds): 

A =  𝑇𝑖𝑂2
𝑚𝑒𝑙𝑡(𝑇𝑎) = 2604  (-5.097e+08, 

5.097e+08) 

B = ∂2TiO2/∂T2 = 0.0203  (0.01484, 0.02577) 

C = ∂TiO2/∂T(T=0) = -5.553  (-8.132e+05, 

8.132e+05) 

T = Ta = 900.2  (-4.005e+07, 4.005e+07) 

 

Goodness of fit: 

  SSE: 0.008577 

  R-square: 0.9296 

  Adjusted R-square: 0.9199 

  RMSE: 0.01975 

 

Table S2: Compositions used to model aTiO2 in natural systems. Compositions exclude TiO2 

and are not normalised (normalisation occurs during fitting procedure). Yellowstone-Heise 

averaged composition from Troch et al. (2020); Fish Canyon Tuff the full deposition 

sequence averaged from Whitney and Stormer (1985); Shiveluch 2001-2004 eruptions 

averaged from Blundy et al. (2006); Bishop Tuff fall layers and early ignimbrites (early-

erupted Bishop Tuff) averaged from Chamberlain et al. (2015). 

 Yellowstone Bishop Tuff Fish Canyon Shiveluch 

SiO2 75.15 74.55 74.00 74.58 

Al2O3 12.26 12.24 12.22 12.43 

FeOtot 3.43 0.65 3.04 1.20 

MgO 0.13 0.05 0.61 0.27 

CaO 0.62 0.50 1.66 0.94 

Na2O 3.27 3.52 2.55 4.57 



K2O 4.86 4.64 5.89 3.10 

 

2. Calculating Ti-in-quartz for fixed and dynamic aTiO2 in the same system 

Using the activities and temperatures from Ghiorso and Gualda (2013), available in 

Supplementary data 2, the Ti-in-quartz calibration of Huang and Audétat (2012), for a fixed 

pressure of 2 kbar (based on the Bishop Tuff system), we calculated how much Ti would be 

found in quartz crystals, if quartz co-crystallized with Fe-oxides (Panel B, Fig. 4). 

Using the Ti in quartz (ppm) from Panel B, we calculate crystallization temperatures assuming 

a fixed aTiO2
liq-rutile = 0.5 (Panel C, Fig. 4). Temperatures from Panel C were subtracted from 

temperatures from Panel B, resulting in the offset observed in Panel D (Fig. 4). 

 

3. Mixing Bishop Tuff compositions 

For a pre-mixing Bishop Tuff composition, we chose the early-erupted Bishop Tuff’s most 

SiO2-rich glass composition from the first erupted Fall layer (F1) from the dataset from 

Chamberlain et al. (2015), reported below. We added H2O and CO2 content from early-erupted 

Bishop Tuff (EBT) melt inclusions reported by Wallace et al. (1999). 

For the recharged melt, we used a Mono Lake andesite from the Long Valley (Bailey, 1962). 

For CO2, we used the highest observed CO2 content in the late-erupted Bishop Tuff (~1000 

ppm), as this is higher than numbers usually reported for basalts (Wallace et al., 1999). For 

H2O content, we used 4% as it is also reported for the late-erupted Bishop Tuff by Wallace et 

al. (1999). 

Compositions were normalised to 100 wt% anhydrous. Dacite mass fractions of 5%, 7%, and 

13% were used for the mixing. For comparison, we provide a few late-erupted Bishop Tuff 

glass analyses from Chamberlain et al. (2015) – these do not include H2O and CO2 contents, 

and hence are not normalised, but the addition of these oxides would not change the 

compositions significantly. 

Melt Ti activities aTiO2
liq-rutile are calculated for potential post mixing temperatures from 900 

to 700 °C, with 50 °C intervals, using the model of Borisov and Aranovich (2020). 

 



Table S3: Early-erupted Bishop Tuff (EBT) F1 composition before mixing (Chamberlain et al., 

2015), Mono Lake andesite from the Long Valley (Bailey, 1962), and mixed compositions at 

different basalt fractions (5, 7, 13%) 

 
EBT before mixing Long Valley andesite 

 
After mixing  

 
EBT F1 norm andesite norm 

 
5% 7% 13% 

SiO2 76.02 74.02 62.90 64.62 
 

73.55 73.36 72.80 

Al2O3 12.04 11.72 16.60 17.05 
 

11.99 12.10 12.42 

TiO2 0.07 0.07 1.01 1.04 
 

0.12 0.14 0.19 

FeO 0.67 0.65 4.03 4.14 
 

0.83 0.90 1.11 

MgO 0.01 0.01 1.23 1.26 
 

0.07 0.10 0.17 

CaO 0.42 0.41 3.27 3.36 
 

0.56 0.62 0.79 

Na2O 3.37 3.28 4.49 4.61 
 

3.35 3.37 3.45 

K2O 4.80 4.67 3.52 3.62 
 

4.62 4.60 4.54 

H2O 5.30 5.16 0.28 0.29 
 

4.92 4.82 4.53 

CO2 0.01 0.01 0.01 0.01 
 

0.01 0.01 0.01 

Total 102.71 100.00 103.13 100.00 
 

100.00 100.00 100.00 

 

Table S4: Example analyses in late-erupted Bishop Tuff glass (Chamberlain et al., 2015) 

Sample BP218 BP211 BP198 BP198 BP015 BP004 

Unit Ig2NWb Ig2NWb Ig2Ea Ig2Ea Ig2Nb Ig2Ea 

Shard tag G13_1 G3_4 G1_2 G14_1 G8_2 G12_1 

SiO2 68.47 69.53 68.90 68.47 72.90 72.38 

Al2O3 13.48 15.61 14.98 14.29 11.80 11.84 

TiO2 0.21 0.71 0.20 0.26 0.15 0.07 

FeO 1.10 1.89 2.38 2.75 0.67 0.70 

MgO 0.03 1.37 1.02 1.06 0.09 0.04 

CaO 1.53 1.89 2.25 2.10 0.53 0.42 

Na2O 2.29 3.38 3.94 3.84 3.09 3.34 

K2O 5.14 4.94 4.29 4.53 4.80 4.57 

 

 



Table S5: aTiO2 for different andesite fractions and various temperatures after mixing. 

aTiO2 for compositions after mixing 

Andesite 

fraction TiO2 in melt T = 900°C T = 850°C T = 800°C T = 750°C T = 700°C 

5% 0.12 0.20 0.27 0.38 0.54 0.81 

7% 0.14 0.23 0.31 0.43 0.62 0.92 

13% 0.19 0.3 0.41 0.56 0.8 1.19* 

Activities in red (*) represent TiO2-saturation conditions and should be considered as 1.0. 

 

4. Conversion of Ti to TiO2 

In whole rock compositions and minerals, titanium is often measured as pure Ti, instead of its 

oxide form (TiO2). However, as TiO2 solubility and activity are given in relation to the oxide, 

we provide the following conversion factor: 

1 ppm of Ti = 0.6 ppm of TiO2 

Or 

TiO2 = Ti/0.6 

 

 

SUPPLEMENTARY DATA 2 

Table S6: aTiO2 from Fe-Ti oxides, retrieved from Ghiorso and Gualda (2013). 
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